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Abstract 
 
Reliability of low power electrical contacts such as those in hearing aid battery-spring 
systems is a very critical aspect for the overall performance of the device. These systems are 
exposed to certain harsh environments like high humidity and elevated temperatures, and 
often in combination with high levels of salt from human perspiration and environmental 
pollutants. In addition, the design aspects of such systems often call for multi-material 
combinations of substrate and coatings for catering to various requirements such as electrical 
conductivity and wear resistance, which in turn enhance the susceptibility of these systems to 
galvanic corrosion. In this study, traditional behind the ear (BTE) hearing aid systems, which 
failed during service were analysed. Failure analysis was performed on the dome type battery-
spring contact systems. The morphology of the contact areas was observed using scanning 
electron microscopy, and the compositional analysis of the corrosion products and 
contaminants was performed using energy dispersive X-ray spectroscopy. Wear track 
morphology was observed on the contact points, and the top coating on the dome was worn 
out exposing the substrate spring material. The obtained results were correlated to the 
underlying corrosion mechanism and the failure mode is presented. 
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1. Introduction 
 
Modern day hearing aids are generally very reliable and durable in their performance. 
However, certain harsh environments, such as places with high humidity and elevated 
temperatures, often combined with increased levels of perspiration from the user and earwax 
can impair the functionality of the devices [1] [2] [3] [4] [5] [6]. Electrical contacts (low 
power) in these devices are critical components, which limit the hearing aid performance in 
such situations, leading to reduced battery life, power dropouts and increased acoustic 
feedback (whistling) in the device output [7]. Currently, majority of the electrical contacts 
systems are based on traditional electro/electroless plated Ni/Au-systems (see  Figure 1); 
however, this system is very sensitive to wear of the Au-top layer, corrosion of the underlying 
Ni layer and of the substrate material [8,9]. Increasing the thickness of the top Au layer is not 
usually recommended due to the steep increase in cost of the contact system. On the contrary, 
the current trend is to reduce the thickness of the top Au layer to reduce product cost,  but the 
increase in porosity due to pinholes sets a limit on the down gauging of the Au layer thickness 
[10]. Reduced Au layer thickness also exposes both the Ni interlayer and the substrate 
underneath. This study analyses the in-service corrosion failure of such low power battery 
spring contacts used in behind-the-ear hearing aid devices. The spring surfaces have been 
characterized using scanning electron microscopy combined with elemental analysis by EDS 
and the underlying failure mechanisms are presented and discussed. Failure analysis of five 
spring contacts is presented in this paper. 
 
Here Figure 1  
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2. Materials and Methods 
 
Behind the ear hearing aid devices installed with Au plated battery spring contacts were 
obtained from the field after being in service for different periods. The metal spring contacts 
were then carefully separated from the rest of the device and were prepared for analysis of the 
contact surface (see Figure 2). The springs are numbered sequentially as Contact-1, Conatct-
2, Contact-3, Contact-4, and Contact-5. The separated springs were then mounted for electron 
microscopy observations onto an Aluminium stub, and painted with conductive Ag paint 
around the edges to prevent charging. Scanning electron microscopy was performed on the 
contact surfaces using a SEM Quanta 200 ESEM with Oxford X-max EDS capability. In 
addition, selected areas were subjected to focused ion beam milling for in-situ observation of 
the cross sections using a Helios Nanolab dual beam FEG SEM. 
 
Here Figure 2 
3. Results and Discussion 
Here Figure 3 
The Au plated Contact-1 surface shown in Figure 3 displayed no features that 
correspond to general wear or corrosion of the contact surface. The Au plating was found to 
be intact, however presence of organic compounds as contamination was observed. The EDS 
analysis (see Table 1) of this contamination shows presence of high amounts of C, F ad Si in 
addition to traces of K and Na. In contrast, the dome surface of Contact-2 clearly displayed 
delamination of the applied Au plating at the contact point as seen in  Figure 4. In addition, 
the exposed substrate displayed wear track morphology. This is due to the repeated wiping 
motion that occurs while changing the battery during the service of the device. Organic 
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contamination containing C, O, F, Al, and Si was detected on the exposed substrate surface of 
the contacts (see Table 1). 
Here Figure 4 
The Contact-3 surface showed no delamination of the Au plating, but displayed wear 
out of the Au plating resulting in exposure of the underlying substrate (see  Figure 5). Severe 
organic contamination was observed on the hemispherical dome. The EDS analysis showed 
that it consisted of C, O, Na, Mg, Al Si, S, Cl in addition to the elements from substrate 
material which is a Ni-based material (similar composition for Contact-2 substrate, see Table 
1). In addition, several locations displayed features corresponding to corrosion and associated 
corrosion products as shown in  Figure 5 (b). Heavy corrosion products with mud crack 
morphology were observed. In order to get a better overview of the nature and composition of 
the corrosion products, an EDS elemental mapping was carried out on the area shown in  
Figure 5 (b) (see  Figure 6). 
Here Figure 5 
Here Table 1  
The EDS elemental maps for corroded region on Contact-3 (shown in  Figure 5 (b)) are 
shown in  Figure 6. The bright appearing surface in the secondary electron image corresponds 
to the Au plating which also shows presence of Co. Cobalt is generally added to Au plating 
baths to obtain hard Au coating with better mechanical properties compared to the pure Au 
which is softer [11]. In addition to Ni from the substrate, Fe also is present, which is an 
alloying element for the Ni-based substrate alloy. However, the distribution of Fe does not 
follow that of Ni. A closer observation at the distribution of Fe shows that it follows the 
distribution of O suggesting the presence of Fe-O based phases like Fe2O3 or Fe3O4(corrosion 
product, Rust). In addition, the maps for C, Si, and F follow each other and this is attributed to 
the organic contamination that has been observed on the surfaces of various contacts as 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
 
discussed earlier.  Other elements such as Na, K, Al, and Ca along with Cl are detected, which 
suggest the presence of salts and silicates arising from the atmosphere in the form of mist, 
dust particles and/or from human perspiration. 
Here Figure 6 
 Figure 7 shows the corrosion and contamination on Contact-4 surface. Corrosion 
products were observed at the contact surface and in addition, crystals of salts based on 
chlorides of Na and K were detected as seen in  Figure 7 (c) (see Table 1 for composition). 
The Au plating appeared to be intact all over the surface of the contact with exception to the 
contact point as seen in  Figure 7 (b). However, a closer look at the surface morphology of the 
Au reveals that there are a huge number of pores in the Au surface (see  Figure 7 (d)). The 
origin of these pores can be attributed to either inherent porosity in the Au plating or due to 
corrosive attack by the salts that are found on the contact surface. 
Here Figure 7 
Focused ion beam cross-sections prepared on the corroded contact surface show that 
even though the top Au plating is intact in certain locations, corrosion has propagated way 
below the surface of the contact. Figure 8 shows two such instances where a portion of the Au 
coating is still intact, but the underlying Ni underlayer, and the Ni substrate have been 
severely corroded. This is evident from the difference in morphology compared to the 
substrate Ni alloy and the corroded areas. The EDS elemental maps performed on these 
corroded areas below the Au plating showed presence of Ni, O, and Cl in the corroded region 
below the Au plating (see Figure 9). Iron was also detected (not shown in map) in the 
corroded region of the substrate in addition to Ni and O, which is expected as the substrate 
contains Fe. 
Here Figure 8 
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Here Figure 9 
The several features observed on the various contacts and the related elements in the 
corrosion products can be assigned to various external and internal factors in the service of 
the hearing aid devices. Mostly the features observed correspond to degradation due to wear 
and/or corrosion of the contact points. Wear of electrical contacts can take place by various 
modes like adhesive, abrasive, delamination, corrosive, and fretting wear [12]. Of these 
various modes, fretting wear is of specific importance and manifests itself in forms of metal 
debris particles, wear scars, corrosion products, cracked surface oxide or sulphide films and 
polymer formation from atmospheric organic products. The morphology observed on 
Contact-2 and Contact-3 in  Figure 4 and  Figure 5 suggests it is due to wear.  In addition, the 
polymeric compounds containing C, O, Si, and F found at the contact points could be due to 
contamination or in certain cases polymerization of atmospheric organic precursors during 
wear. However, the presence of fluorine in these polymeric compounds suggests that the 
contamination arises from a fluoropolymer (fluorocarbon resin), which is widely used to 
cover the electronic circuitry as a conformal coating (25-125 µm thick) to protect the 
components from external conditions such as moisture, dust, chemicals, salt spray, and 
temperature extremes [13]. Elements such as Na, K, and Cl arise from the salt spray from the 
atmosphere as well as human perspiration in behind-the-ear (BTE) hearing aid devices [14]. 
Potassium can also enter the hearing aid device due to leak from a faulty battery (Zn air 
button batteries containing KOH [15–17]). Other elements such as Ca, Al, and Mg in 
combination with Si and O are assigned to dust particles, which are usually silicates and 
contain some salts and soot from atmopsheric pollutants and other media [18,19]. 
  
The EDS observations in Table 1 reveal that the corrosion products usually contain Ni. 
Fe and O in addition to Na, K and Cl as well as C, O, Si and F suggesting that the corrosion is 
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caused by the halides such as F and Cl in this case. As mentioned earlier, F arises from 
fluoropolymers, which are used as conformal coatings. However, these fluoropolymers are 
generally chemically very stable in most of the organic solvents, acids and bases [20]. Even 
though there is a good correlation between the corrosion products and presence of F from the 
conformal coating, it is safe to assume that F from the conformal coating does not initiate or 
assist in corrosion of the contact metals. This is attributed to the good stability of the 
conformal coating material owing to high electronegativity of F [21]. Certain fluoropolymers 
have been shown to have some or little degradation at room temperature in highly alkaline 
environments such as concentrated NaOH and KOH (pH >10) causing deterioration in their 
chemical and mechanical properties [22]. Hence, the release of elemental F from 
fluoropolymers, which can cause corrosion is only possible under highly alkaline conditions. 
However, this might be possible due to the presence of KOH from the Zn air batteries. Under 
such situations, the degradation of metal contact can occurs due to F as well as the leaked 
KOH from the faulty batteries [23,24]. In general cases, where faulty battery is not an issue, 
corrosion or degradation is expected to be caused by Cl from the salts of Na and K in the 
atmosphere, human perspiration and dust particles (see  Figure 7 (c)). Atmospheric dust 
carries several components in it, and their presence and relative concentration depend highly 
on the geographical areas where they are generated. Dust particles usually contain 
hygroscopic species, which attract moisture and thus result in the formation of a conductive 
water layer even when the relative humidity is lower than the critical RH levels [25,26]. In 
addition, dust particles that contain hard compounds act as abrasive particles at the mating 
interfaces of the contacts leading to ploughing and gouging of the softer surfaces [12].  
All the above-mentioned processes and factors together with humidity lead to the 
formation of good electrolyte layers for the formation of corrosion cells. Gold plated surfaces 
are prone to inherent porosity (pinholes) at low plating thicknesses and thus enable access of 
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electrolyte to the underlying not so noble metals like Ni (see  Figure 7 (d)) causing ‘pore 
corrosion’. This causes corrosion of the underlying material that is accelerated due to the 
galvanic coupling between a small active metal surface (anodic site) at the bottom of the pore 
and a high surface area of noble metal (cathodic sites). Severe localised corrosion of the 
underlying metal results in volume expansion and forms halos around the pinhole on the 
surface of the gold, and in extreme cases total delamination of the top gold layer [10,27,28]. 
The presence of corrosion under the top gold layer in Figure 8 is a manifestation of severe 
underlying metal corrosion due to pores in the gold layer.  
 During service, low-power battery spring contacts are designed to exert a certain force 
on the battery counter face in order to maintain electrical contact. This force is in certain 
situations enough to break though thin and brittle surface oxides and corrosion products to 
maintain electrical contact. In such situations, when the underlying metal is corroded away 
due to pore corrosion, the force exerted increases due to thickening of corrosion products. 
This causes cracking and delamination of the top gold layer due to weakened underlying 
metal or substrate and allows very easy access for the corrosive species to the active material, 
which is supposed to be protected by the top gold plated layer (see  Figure 4 (a) and  Figure 7 
(b)). Upon delamination and cracking, the corrosion then proceeds fast and results in steep 
increase in electrical resistance of the contact due to severe corrosion product formation due 
to the insulating behaviour and finally causes total device failure. In terms of failure analysis, 
the corrosion products covering the contact surface after catastrophic failure usually mask the 
evidence of corrosion initiation like pore corrosion stains on gold surface and wear tracks at 
contact surface due to fretting or delamination. 
 In summary, among the hearing aid battery spring contacts analysed in this 
investigation, the corrosion and degradation is caused by a combination of several factors 
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ranging from wear, dust corrosion, atmospheric pollutants, human perspiration, and leakage 
from faulty batteries. 
4. Conclusions 
 
 Gold plated low-power battery spring contacts showed degradation of the contact 
surface due to corrosion, wear, and delamination. 
 Organic contaminants based of C-O-Si-F from the fluoropolymer conformal coating 
were observed on the contact surface. 
 Corrosion products with compounds of Ni, Fe-O and Cl were observed along with 
salts of Na and K arising from human perspiration and atmospheric contaminants. 
 Severe corrosion of the spring coating as well as base material was observed in the 
case of high presence of K due to leakage of hearing aid battery. 
 Corrosion of the underlying Ni layer and the Ni based alloy substrate was observed 
deep into the substrate material. . 
 Environmental factors as well as internal defects were responsible for the tribological 
and corrosion failure of the gold plated battery spring contacts. 
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Figure Captions 
 
Figure 1: Illustration of currently used battery spring system and typical multi-layer coating 
used. 
 
Figure 2: Photograph showing a representative Au plated spring contact separated from the 
rest of the hearing aid device. 
 
Figure 3: Secondary electron image showing: (a) hemispherical dome Contact-1 and (b) 
contamination at the Contact-1 surface. 
 
Figure 4: Secondary electron image showing: (a) delamination of Au coating on Contact-2 
and (b) contamination on the exposed substrate in Contact-2. 
 
Figure 5: Secondary electron image showing: (a) wear of Au coating on Contact-3 with 
exposed substrate and severe contamination on the dome, and (b) severe corrosion of the Au 
coated spring material in Contact-3. 
 
Figure 6: Secondary electron image and EDS elemental maps of the corroded surface region 
on Contact-3. 
 
Figure 7: Secondary electron image showing: (a) delamination of Au coating and corrosion on 
Contact-4, (b) corrosion products, corroded substrate and contamination on the exposed 
substrate region in Contact-4, (c) crystals of salt on the Contact-4 surface and (d) pores in the 
surface of the Au plating. 
 
Figure 8: FIB cross-section of (a) Contact-4 and (b) Contact-5 showing propagation of 
corrosion under the Au plating. 
 
Figure 9: EDS elemental maps of the corroded region in the Ni substrate below the Au plating 
showing oxides and chlorides as corrosion products. 
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Figure 1: Illustration of currently used battery spring system and typical multi-layer coating used.
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Figure 2: Photograph showing a representative Au plated spring contact separated from the rest of the hearing aid device.
 
  
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
 
Figure 3: Secondary electron image showing: (a) hemispherical dome Contact-1 and (b) contamination at the Contact-1
surface.
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Figure 4: Secondary electron image showing: (a) delamination of Au coating on Contact-2 and (b) contamination on the
exposed substrate in Contact-2.
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Figure 5: Secondary electron image showing: (a) wear of Au coating on Contact-3 with exposed substrate and severe
contamination on the dome, and (b) severe corrosion of the Au coated spring material in Contact-3.
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Figure 6: Secondary electron image and EDS elemental maps of the corroded surface region on Contact-3.
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Figure 7: Secondary electron image showing: (a) delamination of Au coating and corrosion on Contact-4, (b) corrosion
products, corroded substrate and contamination on the exposed substrate region in Contact-4, (c) crystals of salt on the
Contact-4 surface and (d) pores in the surface of the Au plating.
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Figure 8: FIB cross-section of (a) Contact-4 and (b) Contact-5 showing propagation of corrosion under the Au
plating.
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Figure 9: EDS elemental maps of the corroded region in the Ni substrate below the Au plating showing oxides and
chlorides as corrosion products.
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Table Captions 
 
 
Table 1: EDS elemental composition of various features observed on the spring contact surfaces. 
 
   Fig.  C  N  O  F  Na  Mg  Al  Si  S  Cl  K  Ca  Fe  Ni  Cu  Au  
Contamination  3 (b)  45.9  2.4  11  27.7  0.2        10.5        0.2              2.06  
Au coating  3 (b)  9.48     0.85  1.01                                   88.7  
Contamination  4 (b)  56.3     17.6  6.68  0.7        2.37  0.8  0.4  0.4     1.1  7.7  1.4  4.66  
Au coating  4 (b)  16.1     3.79  2.13        1.1  0.42                 0.46     76  
Au Coating  5 (a)  20.8     2.89  2.83           0.56        0.2              72.8  
Contamination 
on Dome  
5 (a)  43.2     31.9     7.3  0.6  0.3  0.97  0.4  1.7  3.2  1.7  3.8  1.09     3.69  
Salt Crystals  7 (c)  24.4     31.8     7.4              1.9  2        27.4     4.99  
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Highlights 
 
 Corrosion and wear was observed on failed hearing aid battery spring contacts. 
 Contacts were observed to have an electroplated Au layer on a Ni underlayer. 
 Corrosion products contained oxides and chlorides of Ni and Fe. 
 Delamination of Au layer and wear of underlying Ni based substrate occurred. 
 Human perspiration, dust, organic contamination and faulty batteries caused failure. 
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